Tumors develop with dysregulated activation of mammalian target of rapamycin (mTOR), the kinase activity of which is kept in an inactive state by a tumor suppressor dimer containing tuberous sclerosis 1 (TSC1) and TSC2. We examined whether conditional deletion of TSC1 by a knock-in allele of the anti-Mü llerian hormone type 2 receptor (Amhr2) driving Cre expression and subsequent activation of mTOR in granulosa cells and in oviductal and uterine stromal cells affects fertility in female mice. Increased phosphorylation of ribosomal protein S6, a downstream target of activated mTOR, was observed in all AMHR2-expressing tissues examined, indicating loss of TSC1 activity. TSC1 deletion in granulosa cells led to the detection of significantly fewer primordial follicles in mutant mice at 12 wk, suggesting premature ovarian insufficiency, which might be related to the significantly increased time mutant mice spent in estrus. Although the number of good-quality ovulated oocytes was not significantly different compared with controls, there was a significantly higher number of degenerated oocytes after normal and superovulation, suggesting compromised oocyte quality, as well. Natural mating also showed severalfold higher numbers of degenerate bodies in the mutants that collected in bilateral swellings resembling hydrosalpinges that formed in all mice examined because of occlusion of the proximal oviduct. Attempts to transfer control embryos into mutant uteri also failed, indicating that implantation was compromised. Endometrial epithelial cells continued to proliferate, and quantitative RT-PCR showed that mucin 1 expression persisted during the window of implantation in mutant uteri, without any changes in progesterone receptor mRNA expression, suggesting a mechanism that does not involve disrupted estradiolregulated progesterone receptor expression. Homozygous deletion of TSC1 in reproductive tract somatic tissues of mice rendered females completely infertile, which is likely due to these pleiotropic effects on follicle recruitment, oviductal development, and blastocyst implantation. 
C
ompromised female fertility is caused by many mechanisms, including ovarian dysfunction, tubal obstruction or adhesions, uterine malformations, implantation failure, and polycystic ovary syndrome (1) . Mouse models with deletion of specific genes have provided clues to the genetic causes of some of these (2) . However, there are still substantial numbers of patients with infertility of unknown etiology.
The phosphoinositide-3 kinase (PI3K) pathway plays an important role in many biological functions including metabolic control, immunity, and cancer. Although the basic framework of PI3K signaling is well understood, much remains to be learned about its role in reproductive biology. FSH, which normally regulates granulosa cell differentiation and follicular development after antrum formation via the G protein-coupled receptor/protein kinase A signaling pathway, also activates PI3K to activate AKT, which in turn phosphorylates and regulates forkhead box O1 (FOXO1) and RAS to control granulosa cell function and differentiation (3) . Additionally, the LH surge stimulates not only protein kinase A but also PI3K/AKT and RAS signaling cascades, and activation of each of these is essential for ovulation (4) . Studies using tissue-specific deletion have further implicated the PI3K/AKT signaling pathway in the regulation of primordial follicle activation (5) (6) (7) . The PI3K/AKT pathway is also required for 17␤-estradiol (E2)-induced vascular endothelial growth factor A (VEGF-A) expression in rat uterus to increase vascular permeability in preparation for implantation (8) . Additionally, activation of AKT by loss of phosphatase and tensin homolog (PTEN) in uterine epithelium is sufficient for initiation of endometrial cancer (9) .
The tuberous sclerosis complex (TSC)/mammalian target of rapamycin (mTOR) signaling pathway is a critical downstream effector of PI3K/AKT activity (10) . The activity of mTOR complex I, a serine/threonine kinase that regulates cell growth and proliferation in response to growth factors and nutrients, is negatively regulated by a heterodimeric complex consisting of TSC1 (or hamartin) and TSC2 (or tuberin). Patients with inactivating mutations in either of these genes present with multiple benign tumors in the brain, heart, kidney, lung, and skin (11, 12) . In granulosa cells, FSH has been shown to activate mTOR by the PI3K signaling pathway, which in turn leads to up-regulation of hypoxia-inducible factor 1␣ (HIF1␣) and VEGF expression (13, 14) and suggests that dysregulated activation of mTOR might have deleterious effects on folliculogenesis. Oocyte-specific deletion of either Tsc1 or Tsc2 leads to global activation of the primordial follicle pool resulting in follicle depletion and subfertility in female mice (6, 15, 16) . More recent studies have also shown that mTOR is activated in granulosa/luteal cells by LH by mechanisms that are independent of PI3K/AKT (17) , suggesting an unidentified role for mTOR in the corpus luteum as well.
We have previously shown that constitutive activation of ␤-catenin leads to induction of mTOR expression in female reproductive tract cells, which can lead to tumor development (18) . However, the results of TSC1 or TSC2 deletion with subsequent dysregulation of mTOR activation in ovarian somatic cells or in the uterus have not been reported. We speculated that deletion of TSC1 might disrupt proliferative processes required for normal reproduction such as granulosa cell expansion during folliculogenesis. To investigate whether TSC1 is required for normal reproductive physiology, we have generated conditional Tsc1 knockout mice and show that deletion of TSC1 in somatic cells of the reproductive tract result in complete female infertility. Our results suggest that several potential etiologies could be responsible for the sterility in Tsc1 conditional knockout mice, including defects in ovarian folliculogenesis, compromised oocyte/embryo integrity, inhibited transit of embryos through the oviduct, and failure of implantation.
Materials and Methods

Animal husbandry
The mice used in this study were housed under standard animal housing conditions. All protocols involving animal experimentation were approved by the Institutional Animal Care and Use Committee at Massachusetts General Hospital. Mice were maintained on a C57BL/6;129/SvEv mixed genetic background. Amhr2 tm3(cre)Bhr (Amhr2-Cre) mice (19) (kindly provided by Dr. Richard Behringer, M. D. Anderson, Houston, TX) were mated with Tsc1 loxP/loxP mice (20) (The Jackson Laboratory, Bar Harbor, ME) to generate Amhr2-Cre/ϩ;Tsc1 ⌬/⌬ mice (hereafter referred to as Tsc1 CKO ). The DNA from tail biopsies was used to genotype mice using standard PCR protocols as described for Amhr2-Cre (21) . The wild-type and flox alleles of Tsc1 were detected with PCR primers 5Ј-GTCACGACCGTA GGAGAAGC-3Ј and 5Ј-GAATCAACCCCACAGAGCAT-3Ј and 35 cycles of 94 C for 30 sec, 65 C for 1 min, and 72 C for 1 min. The deleted Tsc1 allele was detected as described (22) .
Fertility and estrous cycle analyses
To evaluate reproductive performance, five individually housed 6-wk-old Tsc1 loxP/loxP and Tsc1 CKO females were bred to Tsc1 loxP/loxP males with known fertility. The numbers of litters and pups were recorded over a 13-to 30-wk period. Cycling was determined over a 3-wk period with vaginal smears collected each day between 1300 and 1500 h from control and mutant mice that were at least 6 wk old. The smears were classified into one of four phases of the estrous cycle (proestrus, estrus, metestrus, and diestrus) by criteria described elsewhere (23) . Data are presented as the average number of days spent in each phase of the estrous cycle Ϯ SEM. E2 and progesterone (P4) measurement was performed on serum samples from mice in diestrus (P4, n ϭ 5 each controls and mutants; E2, n ϭ 3 mutants, n ϭ 5 controls) and estrus (n ϭ 3 mutants and controls for both P4 and E2) at the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core.
Western blotting
Ovaries were collected from five Tsc1 loxP/loxP and Tsc1 CKO age-matched mice for Western blotting analyses using antibodies to ribosomal protein S6 (RPS6; clone 54D2), phosphorylated RPS6 (p-RPS6; clone 91B2), and hamartin, all from Cell Signaling Technology (Danvers, MA) as previously described (24) . Actin (Thermo Fisher Scientific, Fremont, CA) was used as a load-ing control. Bands were quantitated by scanning, averaged, and plotted.
Natural ovulation, superovulation, and embryo analyses
Oocytes were collected from 3 -month-old mice after natural ovulation at estrus. Briefly, the female mice were checked for estrous cycle every day as described above. When females were in estrus, they were mated with a vasectomized male. The next morning, the females were euthanized, and the oviducts were dissected to collect and analyze oocytes after treatment with 80 IU/ml hyaluronidase (Irvine Scientific, Santa Ana CA) in HEPES buffer to remove cumulus cells. For superovulation, 6-to 7-wkold mutant and control mice were treated with ip injections of 7.5 IU equine chorionic gonadotropin (Sigma Chemical Co., St. Louis, MO) followed by 7.5 IU human chorionic gonadotropin (hCG) (Sigma) after 48 h. Fourteen hours after hCG injection, females were euthanized, and their oviducts were removed for oocyte retrieval and analysis as described for natural ovulation. For embryo analyses, mice were checked in the morning for evidence of a seminal plug, which was considered embryonic d 0.5 (E0.5). Mice were euthanized to collect embryos for analysis, which were classified as four-cell (E1.5) to morula (E3), early blastocyst (E3.5), and expanded blastocyst (E4.5). Photos were taken with a Nikon TE 2000-S microscope equipped with a Spot digital camera (Diagnostic Instruments, Sterling Heights, MI).
Histology, immunohistochemistry (IHC), and immunofluorescence
For quantification of ovarian follicles, murine ovaries were fixed in Dietrick's solution for 10 -12 h and then transferred to 70% ethanol until processing. For hematoxylin and eosin (H&E) staining and IHC, murine uteri and ovaries were fixed by immersion in 4% paraformaldehyde for 10 -12 h. The fixed tissues were dehydrated in a graded ethanol series, cleared in xylene, and embedded in paraffin wax. Embedded tissue samples were sectioned at 6 m (8 m for quantification of ovarian follicles) thickness and mounted on slides. The number of nonatretic or atretic primordial, primary, and preantral follicles was determined as described previously (25) . Serial sections of tissues were deparaffinized with xylene and rehydrated with graded series of ethanol, followed by two washes of 5 min each in PBS containing 0.05% Tween 20 (PBS-T). Tissue sections were then incubated for 10 min in 3% (vol/vol) hydrogen peroxide in methanol to block endogenous peroxidase activity. After a wash with PBS-T, antigen retrieval was performed by boiling the tissue sections in 10 mM citrate buffer (pH 6) for 20 min. Sections were then washed for 5 min in PBS-T, blocked at room temperature for 1 h with 2% normal donkey serum, 2% BSA, and 0.1% Triton X-100 in PBS, and then incubated in a humidified chamber overnight at 4 C with p-RPS6 or TSC1 primary antibodies (Cell Signaling). Sections were subsequently washed with PBS-T, incubated at room temperature for 1 h with biotinylated secondary antibody, washed, and incubated with ready-to-use streptavidin peroxidase (Thermo Fisher Scientific) for 10 min at room temperature. Signal detection was performed using the Vectastain ABC kit (Vector Laboratories, Burlingame, CA). Sections were counterstained with hematoxylin. For immunofluorescence, methods used have been previously described in detail (18) 
Implantation and embryo transfer
Implantation sites were detected by iv injection of 200 l 0.1% Evans blue dye after anesthesia and 5 min before euthanasia. Uterine transfer of embryos was performed using conventional methods. For donors, 6-wk-old CD1 female mice were injected with 7.5 IU equine chorionic gonadotropin and 48 h later with 7.5 IU hCG and mated with males known to be fertile. Mating was confirmed by the presence of a vaginal plug the next morning. At E2.5, the embryos were collected from the oviducts and cultured in potassium simplex optimized medium (Millipore) for 24 h. Blastocyst transfers were performed at E3.5 with blastocysts of similar morphology (n ϭ 9 per horn) of three each control and mutant pseudopregnant recipients. At 6 d after blastocyst transfer, the recipient mice were euthanized, and the number of implantations was confirmed visually. Gross photos were taken with a Nikon D60 digital camera.
Quantitative real-time PCR
Tissues were collected and stored in RNAlater (Invitrogen) for subsequent RNA extraction using the RNeasy mini kit (QIAGEN, Valencia, CA). cDNA was prepared using oligo-deoxythymidine with a kit from Invitrogen according to the manufacturer's instructions. Real-Time PCR was performed with gene-specific primers (Origene, Rockville, MD) in a CFX96 Real-Time System (Bio-Rad, Hercules, CA) using standard cycling conditions. Threshold values (Ct) were measured in duplicate from n ϭ 3 mice per group, averaged, and subtracted from the actin Ct values, then plotted as 2 Ϫ(⌬Ct) .
Statistical analyses
All experiments were repeated at least three times for statistical analyses with Prism version 5.0 (GraphPad Software, La Jolla, CA). For comparisons, differences between the two groups were calculated with Student's t test, and the difference was considered to be significant if P Ͻ 0.05.
Results
TSC1 deletion in the ovary leads to premature follicular depletion
To determine whether conditional deletion of TSC1 in ovarian somatic cells affected female fertility, mice with floxed alleles of Tsc1 (Tsc1 CKO ) were generated by mating Tsc1 loxP/loxP mice (20) with Amhr2-Cre mice (19) . Anti-Mü llerian hormone type 2 receptor (AMHR2) is the re-ceptor for anti-Mü llerian hormone, also known as Mü llerian-inhibiting substance, and is expressed in the fetal Mü llerian duct mesenchyme, in the Sertoli and Leydig cells of adult testes, and in both the ovarian surface epithelium and in the granulosa cells of developing follicles in adult ovaries (18, 26 -30) . Female control Tsc1 loxP/loxP and Tsc1 CKO mice were bred to Tsc1 loxP/loxP males with known fertility. Seminal plugs were observed in both mutant and control mice, suggesting normal female mating behavior after the exposure to male mice. Control mice exhibited normal fecundity, whereas mutant mice were found to be completely infertile (Table 1) . Female Tsc1 CKO mice failed to produce any offspring over a 5-month breeding period, indicating that conditional deletion of TSC1 in AMHR2-expressing cells completely blocks female fertility. In contrast, male Tsc1 CKO mice were able to sire multiple litters at normal frequency through 12 wk postnatally (data not shown).
We first assessed whether the infertility in female Tsc1 CKO mice could be due to disrupted folliculogenesis by examining the histology of Tsc1 CKO mutant ovaries ( Fig. 1) . Histology of the Tsc1 CKO ovaries appeared normal with follicles of every size and corpora lutea (Fig. 1A,  a-d) . To ensure that TSC1 expression was diminished in the ovarian somatic cells of Tsc1 CKO mice, we compared the level of TSC1 expression in control and mutant ovaries (Fig. 1B, a-c) . TSC1 expression in the control ovaries was strongest in the granulosa cells of developing follicles by IHC (Fig. 1B, a and b) . In Tsc1 CKO ovaries, TSC1 was diminished or absent from developing follicles (Fig. 1B, 4) . PCR analysis of genomic DNA isolated from control and mutant ovaries, oviducts, and uterus confirms that AMHR2-Cre induces recombination of the flox alleles (Fig. 1B, d ). Semiquantitative Western analyses confirmed that significantly higher levels of TSC1 protein (3-fold) are expressed in control ovaries compared with mutants (Fig.  1D) . Phosphorylation of RPS6, a substrate for S6 kinase, which is itself a downstream target of mTor kinase activity and should be enhanced in the absence of TSC1-mediated inhibition of mTor, was also analyzed. Elevated levels of p-RPS6 in the granulosa cells of developing follicles, as well as in the surface epithelial cells, were detected (Fig. 1C, a-d) . Although there was no significant difference in the expression of RPS6 protein in mutant and control ovaries, significantly higher levels of p-RPS6 (2-fold) were observed in the mutant ovaries by Western analyses (Fig. 1D) .
More detailed analyses of the ovaries using Dietrick's staining to highlight follicle structure showed fewer primordial follicles in over 12-wk-old Tsc1 CKO ovaries compared with controls ( Fig. 2A, a-d ). Immunofluorescence staining with the oocyte-specific marker MVH confirmed that fewer primordial follicles were observed in the cortex of Tsc1 CKO ovaries ( Fig. 2A, e Tsc1 loxP/loxP females. In contrast, the duration of diestrus was shortened in Tsc1 CKO females. Additionally, no significant difference in serum E2 and P4 levels determined at diestrus and estrus was observed between the two groups of mice (data not shown). Quantitative RT-PCR was performed to determine whether the levels of expression for genes known to be involved in normal ovarian function (31) are affected in the Tsc1 CKO ovaries at estrus (Fig. 2D ).
Only marginal changes were observed in these mRNA, except for mucin 1 (MUC1), which was significantly down-regulated in the mutant ovaries to half the expression in the control ovaries, and HIF1␣, which was significantly up-regulated by 50% in the mutant ovaries compared with controls.
Reduced capacity of oocytes from Tsc1
CKO ovaries
We next compared the number of normally ovulated and superovulated oocytes in control and Tsc1 CKO mice to determine whether premature follicle depletion was correlated with ovulation (Fig. 3 , A-D, and Table 2 ). Despite having significantly more normal ovulated oocytes from 
Tsc1
CKO mice, the number of healthy oocytes was not significantly different from controls. In Tsc1 CKO mice, 83% of the oocytes collected were atretic compared with only 4% in control mice. Similarly, in superovulated mice, whereas the number of healthy oocytes was not significantly different between mutant and control mice, the number of atretic oocytes in mutant mice was 7-fold higher in the mutant mice. The ability of ovulated oocytes from mutant ovaries to be fertilized was assessed by natural mating. More E2.5 embryos were detected in the oviducts of Tsc1 CKO mice compared with controls (Table 2 ), but almost two thirds were degenerated bodies, which was significantly higher compared with controls. At E3.5 after normal mating, blastocysts were detected in the control uteri after flushing (Fig. 3E ), but no embryos were detected in the Tsc1 CKO uteri. However, bilateral swelling of the ampullas of E3.5 Tsc1 CKO mice was observed in all mice examined (n ϭ 4) (Fig. 3H) , which was not observed in controls (Fig. 3G) . After the ampullas were punctured, blastocysts and many degenerated bodies (approximately 75%) were released (Fig. 3F) . At both E2.5 and E3.5, the absolute number of good-quality embryos found in the ampullas was not significantly different between Tsc1 flox/flox and Tsc1 CKO mice, suggesting that the good-quality oocytes produced by Tsc1 CKO mice can develop into blastocysts (Table 2) .
FIG. 2. Ovarian function in Tsc1
CKO mice. A, Hematoxylin-picric acid staining of sections from typical ovaries isolated from 12-wk-old control Tsc1 loxP/loxP (a and c) and Tsc1 CKO mice (b and d); boxed areas in a and b are shown at higher magnification in c and d, respectively; red arrows indicate primordial follicles (c); MVH immunofluorescence in control (e) and Tsc1 CKO (f) ovaries; many small MVH-positive oocytes are seen in Tsc1 loxP/loxP ovaries (white arrows in e), whereas few MVH-positive oocytes are seen in Tsc1 CKO ovaries (white arrow in f). Bars, 100 m except for a and b, which are 1 mm. Photos are representative of n ϭ 3 for each group. B, Numbers of primordial, total immature (primordial, primary, and small preantral), and atretic follicles in mouse ovaries from Tsc1 loxP/loxP and Tsc1 CKO ovaries were counted, averaged, and plotted. C, Estrous cycling in 6-wk-old Tsc1 loxP/loxP and Tsc1 CKO mice was determined daily by vaginal lavage cytology over a period of 21 d and cumulatively plotted. D, Quantitative real-time PCR was performed with cDNA from control and mutant ovaries in estrus to determine the effect of TSC1 deletion on the expression of key genes involved in ovarian function. Graphs represent the mean Ϯ SEM; n ϭ 3 for each group. *, P Ͻ 0.05; **, P Ͻ 0.01. Endocrinology, January 2012, 153(1):404 -416 endo.endojournals.org
Tsc1 deletion in the Mü llerian duct mesenchyme results in proximal oviductal occlusion
During urogenital ridge development, Amhr2-Cre is expressed in the mesenchyme of the Mü llerian ducts, the anlagen of the oviducts, uterus, and cervix. To determine whether defective differentiation of the oviduct might be contributing to the infertility of the Tsc1 CKO females, we examined oviductal histology. Expression of TSC1 appeared restricted to the epithelial cells throughout control and Tsc1 CKO oviducts (Fig. 4, A and B) . Mü llerian duct epithelial cells do not express AMHR2-Cre, and TSC1 deletion in those cells was not expected. Because the level of TSC1 in the oviductal stroma was below the level of detection, we used phosphorylation of RPS6 as a marker for TSC1 deletion and detected pRPS6 in the stroma of Tsc1 CKO oviducts but not in control oviducts, confirming TSC1 deletion had occurred in the mutant oviducts (Fig.  4, C and D) . The epithelial cells of the distal portion of the oviduct appeared relatively normal by H&E, with clearly identified secretory and ciliated cells (Fig. 4, E-H ). In contrast to the normal appearance of sections from the distal oviduct, epithelial cell hyperplasia in the proximal portion of the oviduct in the Tsc1 CKO mice was observed, which appeared to occlude the lumen (Fig. 4, I-L) . Nuclear PAX8 expression, a secretory cell marker (32) , confirmed that the cells in the lumen were derived from the oviduct (Fig.  4, M and N) . Immunofluorescence of ␣-SMA and c-Kit showed no noticeable differences in expression between control and Tsc1 CKO mice (data not shown), suggesting that neither the contractility nor the pacemaker activities in the oviducts were compromised in the mutants (33) . These results suggest that transit through the oviduct is blocked in Tsc1 CKO mice, contributing to their infertility.
Tsc1 deletion in endometrial stroma blocks implantation
Because we observed some normal embryos in the mutant oviducts, we investigated whether implantation might also be disrupted in the mutants. Control Tsc1 loxP/loxP females and mutant Tsc1 CKO females were mated with fertile males. At E4.5 after normal mating, implantation sites were visualized by Evans blue dye in control Tsc1 loxP/loxP females (Fig. 5A, a) , but none were detected in Tsc1 CKO mice (Fig. 5A, b) . These results suggest that either embryo transfer through the oviduct is completely blocked or that implantation might also be affected by TSC1 deletion in the endometrial stroma, which is also derived from the AMHR2-expressing Mü llerian duct mesenchyme (34) . Embryo transfer experiments were performed to examine whether implantation was affected in mutant mice. When E4.5 embryos from wild-type mice were collected and transferred to control mice, embryo implantation was readily observed after 4 -6 d (Fig. 5A, c) . In contrast, implantation of embryos transferred to Tsc1 CKO uteri was not observed (Fig. 5A, d ), suggesting that deletion of TSC1 in the endometrial stroma inhibits one or more of the signaling pathways required for embryo implantation.
In the uterus, two reports have shown that expression of TSC1 at low levels is restricted to the glandular and luminal epithelium of both rats (35) and sheep (36) and that TSC1 doesn't appear to be regulated by estrous cycling or pregnancy (36) . We also observed that TSC1 expression was limited to the uterine epithelial cells (data not shown). However, deletion of TSC1 in Mü llerian duct mesenchyme does induce p-RPS6 in both the myometrium
FIG. 3. Oocyte quality is compromised in Tsc1
CKO mice. A-D, Oocytes were collected from the oviducts during normal estrus (A and B) or from superovulated Tsc1 loxP/loxP and Tsc1 CKO mice (C and D). A majority of the oocytes in Tsc1 CKO mice were degenerated. Control Tsc1 loxP/loxP Tsc1 CKO females were mated with Tsc1 loxP/loxP males with known fertility. E, At E3.5, blastocysts were detected in the control uteri after flushing, but no blastocysts were detected in the Tsc1 CKO uteri. F, Blastocysts and many degenerated bodies were released from the swollen ampulla (F). G and H, Swelling of the ampullas was observed in E3.5 Tsc1 CKO females (H, arrow) but not in E3.5 controls (G). For each analysis, n Ն 3. Bars, 100 m.
and uterine stroma compared with controls (Fig. 5B, a and  b) , indicating activation of mTOR downstream signaling in cycling mutant uteri. One of the major functions attributed to the stroma is the control of endometrial epithelial proliferation, the attenuation of which is controlled by E2-induced stromal P4 receptor (PR)-activated expression of secreted factors and is a hallmark of embryo implantation (37, 38) . Analysis of PCNA immunofluorescence in control and mutant uteri at E4.5 was performed and showed that the endometrial epithelium in the Tsc1 CKO mice continued to proliferate (Fig. 5B, c and d) , indicating that TSC1 deletion disrupted this important stromal function. We next examined the expression of some of the enzymes (cyclooxygenase 1 and 2), receptors [estrogen receptor-␣ (ER␣) and PR], and secreted factors (MUC1 and Indian Hedgehog) known to be involved in implantation (38) . In Fig. 5C , we show that only the expression of MUC1 is significantly affected by TSC1 deletion at E4.5. MUC1 is secreted by the endometrial epithelium and serves as a protective layer covering the apical surface of the cells, which also prevents the embryo from accessing the uterine luminal epithelium (39) . MUC1 down-regulation by PR is essential for uterine receptivity in most species (40 -44) . These results showing continued endometrial epithelial cell proliferation and MUC1 expression by the endometrial epithelium of Tsc1 CKO mice in the presence of normal levels PR expression suggest that mechanisms downstream of PR expression have been disrupted by TSC1 deletion.
Discussion
TSC is an autosomal dominant, multisystem disorder that affects patients with a rate of one in 6000 live births with mutations in either the hamartin (TSC1) or tuberin (TSC2) genes (11, 45, 46) . TSC is characterized by the growth of benign tumors or hamartomas in a variety of organs, such as cardiac rhabdomyomas and subependymal or cortical tubers and nodules that are often detected in early childhood. These characteristic growths are presumed to be the result of dysregulated mTOR activity in the absence of a functional TSC1/TSC2 heterodimer. Although there are several reports indicating that fetal TSC can complicate pregnancy outcomes or even lead to the demise of the fetus (47, 48) , to date, there has been no report directly associating TSC with infertility or reproductive tract abnormalities in humans. What is known about the effect of TSC mutations on the reproductive tract has been derived from animal models, notably the Eker rat (49) , which has a germline mutation in the Tsc2 gene and develops uterine leiomyomas with approximately 60% frequency by 12 months. Human uterine leiomyomas are the most common gynecological tumor, with an estimated greater than 50% incidence (50, 51) . Although the tumors form in the myometrium and are benign, they are often associated with pelvic pain, dysmenorrhea, spontaneous abortion, and infertility and thus present a significant healthcare burden. Because the Mü llerian duct mesenchyme, which differentiates into the endometrial stroma and myometrium, expresses AMHR2, we predicted that uterine leiomyomas would form in the Tsc1 CKO mice. We have detected significant myometrial hyperplasia in Tsc1 CKO mice as they age (data not shown) and are performing additional analyses to determine whether they develop uterine leiomyomas with characteristics of human leiomyoma. Although ovulation and subsequent fertilization occurs in Tsc1 CKO mice, many of the ovulated oocytes were not competent, suggesting that oocyte maturation in Tsc1 Endocrinology, January 2012, 153(1):404 -416 endo.endojournals.orgyses of granulosa cell proliferation by phospho-histone H3 expression or apoptosis by terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling assays suggest that granulosa cell expansion itself is not significantly affected by TSC1 deletion during folliculogenesis (data not shown), which was surprising because mTor is a master regulator of cellular proliferation (52) . Activation of mTOR by PI3K signaling in granulosa cells in response to FSH has been shown to induce expression of HIF1␣, which the authors speculated could have an impact on follicular maturation (13, 14) . Thus, we predicted that the dysregulated mTOR activity we observed in the ovaries of Tsc1 CKO mice might also negatively impact follicular maturation by mechanisms that involve HIF1␣, and our realtime PCR results showing a significant 50% increase in HIF1␣ mRNA expression (Fig. 2D ) support their hypothesis. Alternatively, a trivial explanation for the abundance of atretic ovulated oocytes in the mutants would be that oocytes from previous ovulation cycles were accumulating in the blocked oviducts and undergoing degeneration. The similarity in numbers of healthy oocytes and E2.5 embryos between mutants and controls in the oviducts strongly suggest this might be the true. As an interesting aside, the number of good-quality embryos in the mutants would also argue that, although oocytes and embryos cannot exit the oviduct in the mutants, sperm is able to penetrate and fertilize the oocytes.
In vitro analyses have shown that addition of rapamycin, which selectively inhibits the mTOR complex I subunit of mTOR, did not affect the ability of bovine granulosa/luteal cells to produce P4 after treatment with LH and mTOR activation (17) . That study also showed that LH-mediated activation of mTOR could be occurring through mechanisms that involve inactivation of AMPactivated protein kinase (AMPK) or glycogen synthase kinase 3␤ (GSK3␤), both of which phosphorylate and activate TSC2 (53) . Additional studies will be needed to determine whether corpus luteum function in Tsc1 loxP/loxP uteri (n ϭ 3) (a, arrows) but not in Tsc1 CKO uteri (n ϭ 3) (b); E3.5 embryos were collected from control mice and transferred to pseudopregnant control Tsc1 loxP/loxP (n ϭ 3) and mutant Tsc1 CKO (n ϭ 3) mice, and successful implantation was achieved 6 d later in control mice (c) but not in mutant uteri (d). Panel B, IHC for p-RPS6 was used to show evidence for TSC1 deletion in the stroma (S) and myometrium (M) of Tsc1 CKO oviducts (b), which was not observed in control uteri (a); immunofluorescence was performed to detect PCNA (green) in the endometrial epithelium of E4.5 uteri of control (c) and Tsc1 CKO mice (d); endometrial (E) and (EG) glandular epithelial cells show no proliferation in the controls, whereas abundant proliferation of the decidual (D) cells was observed (c). In contrast, epithelial cells were highly proliferative in mutant uteri, and the stroma (S) cells were not. Photos are representative of at least three mice per experimental group, and 4Ј,6-diamidino-2-phenylindole was used to detect nuclei. Panel C, Quantitative real-time PCR was performed with cDNA from control and mutant uteri at E4.5 to determine the effect of TSC1 deletion on the expression of the indicated genes. Graphs represent the mean Ϯ SEM; n ϭ 3 or 4 for each group.
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In addition to disrupted folliculogenesis and oocyte maturation, mutant mice also presented with occlusion of the oviduct, which has a major implication for human fertility as well. In humans, over 98% of ectopic pregnancies occur in the fallopian tubes (54) , and the major risk factors for tubal pregnancy is tubal damage caused by surgery, tubal infection such as Chlamydia trachomatis, and assisted reproduction (54) . The impairment of fallopian tube development or function could also cause ectopic pregnancy, but most of the mechanisms involved still remain to be identified. Hydrosalpinx, or accumulation of fluid in the distal fallopian tube caused by isthmic occlusion, is a major cause of tubal factor infertility and is usually associated with a history of pelvic inflammatory disease (55) . However, up to 10% of hydrosalpinges are of unknown etiology. Our results show that dysregulation of PI3K/AKT/TSC1/mTOR signaling cascade in the mesenchyme of murine oviducts causes retention of embryos by occlusion of the proximal portion of the oviduct with dysplastic epithelial cells (Fig. 4) , and these cells are Pax8 positive, which is a marker of secretory epithelial cells. These results are consistent with the fact that more secretory cells than ciliated cells are present in proximal oviduct in mice (56, 57) . Our results also suggest that TSC1 in the mesenchyme of the fallopian tube are important for tubal epithelial morphology and function, suggesting epithelial-stromal cell interaction of fallopian tube. The mechanisms involved in oviductal epithelial dysplasia in response to TSC1-deleted stroma have yet to be determined.
Blastocyst attachment to the endometrial epithelium normally takes place within a restricted period, referred to as the window of receptivity (58) , which in mice usually takes place between E4 and E5. After attachment of the embryo, a process called decidualization occurs in which the endometrial stromal cells differentiate into support cells that sustain the embryo before development of a placenta and is also essential for successful implantation (38) . The whole process requires precise coordination between a competent embryo and a receptive uterus, with estrogen and P4, and their receptors, ER␣ and PR, playing a central role in this process (38, 59, 60 ). MUC1, a major component of the protective glycocalyx layer on the apical surface of uterine epithelium, is abundantly expressed in both luminal and glandular epithelia, and its expression is down-regulated by PR during embryo attachment in mice and other species (40, 41, 61) . Whereas our quantitative RT-PCR results did not show any difference in ER␣ or PR at E4.5 in Tsc1 CKO uteri, MUC1 expression remained elevated, suggesting that its continued expression during the implantation window might be a mechanism contributing to failure of implantation. These data also suggest that the continued MUC1 expression might be through a post-PR mechanism disrupted by TSC1 deletion. Alternatively, two isoforms of PR, PRA and PRB, have been shown to have differential effects on MUC1 expression in different settings (62) , suggesting that their expression ratio, which has not been determined, might be important in Tsc1 CKO uterine stroma. The decidualization process was not investigated in Tsc1 CKO uteri, but its dysregulation could also contribute to the failure of implantation. We have recently shown that endometrial stromal deletion of another tumor suppressor, adenomatous polyposis coli, triggers development of endometrial epithelial hyperplasia and endometrial cancer and that stromal factors restricting epithelial proliferation were down-regulated in the mutant stroma (34) . Although we observed sporadic evidence for endometrial hyperplasia by deletion of TSC1 in the endometrial stroma (data not shown), we did not observe endometrial cancer, suggesting that mutation of the tumor suppressor TSC1 alone does not play a major role in the pathogenesis of endometrial cancer. We also did not observe any evidence of tumorigenesis in the mutant ovaries, suggesting that TSC1 does not act as a tumor suppressor in that setting. Supporting this speculation was the reduced expression of MUC1, which is associated with cancer progression, in the mutant ovaries (Fig. 2D) . However, whether deletion of TSC1 tumor suppressor activity accelerates tumor development or progression in combination with activation of an oncogene in ovarian somatic cells has not been determined.
These results indicate that TSC1 plays various important roles in ovarian and reproductive tract somatic cells, presumably by dysregulated activation of mTOR, a master regulator of cellular proliferation. We did not observe any evidence of tumorigenesis in the tissues described in this study and predict that, in addition to activation of mTOR, other disrupted functions of TSC1 caused by its deletion might be contributing to the infertile reproductive phenotype we have observed in this model. Disclosure Summary: The authors have no conflicts of interest to disclose.
